We propose an ultrasensitive terahertz (THz) sensor consisting of a subwavelength graphene disk and an annular gold ring within a unit cell. The interference between the resonances arising from the graphene disk and the gold ring gives rise to Fano type resonances and enables ultrasensitive sensing. Our full wave electromagnetic simulations show frequency sensitivity as high as 1.9082THz/refractive index unit (RIU) and a figure of merit (FOM) of 6.5662. Furthermore, the sensing range can be actively tuned by adjusting the Fermi level of graphene.
Introduction
Fano resonances, originating from the coherent coupling and interference between discrete and continuous states, show a sharp and asymmetric line shape and have the ability to produce large electromagnetic field congregation. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] There have been many potential applications of Fano resonances in biological and chemical sensors, active plasma switch, and slow light field. [22] [23] [24] [25] [26] Among these, sensing becomes the most critical application of Fano resonances at terahertz, infrared and optical frequencies, [27] [28] [29] [30] [31] [32] due to their narrow linewidth and high quality (Q) factor, which are highly desirable for increasing the sensitivity of a sensor. Thus, it is promising to incorporate Fano resonances into traditional MMs 33 to enhance their sensing performances. Additionally, most of previous sensors employ static geometric design, therefore, once the device is fabricated their resonant wavelengths mostly remain fixed. Graphene is a single-atom-thick and two-dimensional carbon material that has become the focus of research because of its remarkable electronic, mechanical, and thermal properties. 34, 35 The tunable electromagnetic properties of graphene via manipulating its Fermi level by electrical gating or chemical doping enable tunable MMs devices. 36, 37 So it would be intriguing to incorporate graphene in the MMs design to enable dynamically tunable Fano resonances for sensing applications.
In this paper, we numerically studied a tunable THz sensor with double Fano resonances, which utilizes a periodic array of unit cells consisting of a monolayer graphene disk located at the center of a gold ring. Double Fano resonances with narrow linewidth and high Q are excited by interferences between SPPs generated on the graphene disk and the gold ring. Under certain conditions the Q-factor of our resonator can be as high as 59. Besides, the double Fano resonances in our designed resonator exhibit different sensing sensitivities (frequency sensitivity 1.4439THz/RIU and 1.9082THz/RIU for mode A and B, respectively) and figure-of-merit (FOM) (6.5662 and 2.7812 for mode A and B, respectively), when the analyte thickness is set to 0.24μm, which can be potentially used to differentiate bulk/surface effects 32, 38 in the terahertz region. Furthermore, our proposed double Fano resonances can be actively tuned by adjusting the gate voltage to the graphene layer.
Structural design and physical mechanism
The top and cross-sectional views of the double Fano resonator structure under consideration are shown in Figs. 1(a) and (b), respectively. The unit cell is composed of a circular disk of monolayer graphene positioned at the center of an circular gold ring deposited on top of a SiO 2 substrate with a relative permittivity Ԫ ௦ ൌ 3.5. The unit cells are arranged in a periodic array with a square lattice with a lattice parameter P = 8μm. The outer radius R m and width W of gold ring are 3.5 μm and 0.1μm, respectively. The thicknesses of the gold film and the dielectric substrate are t m = 0.03μm and t s = 1μm, respectively. The graphene disk has a thickness t g =0.5nm and radius R g =0.75μm. The proposed Fano resonances are excited by the electric field of a normally incident terahertz plane wave propagating in the z direction. At low terahertz frequencies, the surface conductivity of graphene is dominated by the intraband contribution and can be approximated by a Drude model as (
where ω is the angular frequency, is the reduced Planck constant, and E F is Fermi level energy of graphene. Γ is the damping constant which can be given byെሺ݁ߥ
where ߥ ൌ 10 ‫ݏ/݉‬ is the Fermi velocity and μ ൌ 10,000ܿ݉ ଶ ‫ݏܸ/‬ is the graphene's electron mobility 40 . The permittivity of graphene can be obtained by the following equation
Since the general expression of permittivity in Drude model is
one can calculate the plasma frequency of graphene layer by comparing the equations (2) and (3) as
To obtain high sensitivity, we have deliberately chosen the thickness of gold ring to t m = 30nm, which is about one skin depth thick at our operating frequencies, and is capable of supporting plasmonic resonances 42 . Also, within the THz frequencies, 30 nm is thick enough to incorporate the bulk parameters of gold for calculating dielectric properties using Drude model 43 . In our simulation, we used Drude formula to model the gold film with plasma frequency ߱ ൌ 1.37 ൈ 10 ଵ ‫ݏ/݀ܽݎ‬ and collision frequency ߱ ൌ 6.2818 ൈ 10
The Fano resonator is simulated using the commercial fullwave EM simulation software CST Microwave Studio. We set the perfect electric boundary and perfect magnetic boundary in the x and y directions, respectively. An open boundary condition is set along the z direction. Please do not adjust margins Please do not adjust margins (red) , and the combination of gold rings with graphene disks (blue) with the Fermi level of 1.5eV that could be realized by doping. When excited with an incident wave, the circular gold ring and the circular graphene disk can support their own SPPs. Through the careful structural design one can overlap the resonances of the gold ring and the graphene disk to excite Fano resonances through the coupling between the modes excited in gold rings and graphene disk. As shown in Fig.2(a) , the SPP mode excited in the gold ring has a much broader line width compared to the resonance excited in the graphene disk. The combined structure (ring + disk) exhibits the Fano-like lineshapes due to the interference between the independent resonances arising from the gold ring and the graphene disk.
The nature of the different modes is represented in Fig.2(b) , (c) and (d) with electric field distributions at three frequency points I, II, and III, corresponding to the frequencies: 6.000THz, 9.007THz and 11.117THz, respectively. As demonstrated in the figure, the electric field induced from the gold ring is dominant at point I, which does not spectrally overlap with the resonance of the graphene disk. The field distribution at point I is similar to the field distribution of only gold ring (not shown here). At point II and III, the electric field distribution displays that the SPP modes generated in the gold ring and graphene disk interfere strongly at these two frequency points.
Sensing performance of the double Fano resonances
To investigate the sensitivity of our proposed sensor based on Fano resonances, we apply an analyte layer on the top of the device. The thickness and refractive index of the analyte are t a and n, respectively. First, the influence of analyte thickness on the response of the Fano resonator is investigated. For this set of simulations, we fix the Fermi level of the graphene disk and the refractive index of the analyte to 1.5eV and 1.43 (PTFE), respectively. Fig.3(a) depicts the amplitude transmission spectra of the Fano resonator computed for each value of the thickness t a of the analyte. As the thickness of the analyte increases from 0.06μm to 0.24μm in step of 0.06 μm, the resonant frequencies of both mode A and mode B show a monotonous red-shift due to the increase in the effective dielectric constant of the top layer and their amplitude at resonance decrease slightly. The frequency shifts of mode A and B are 0.403THz and 0.546THz, with corresponding amplitude modulations of 4.63% and 4.35%, respectively. The rate of amplitude modulation of mode A is higher than that of mode B whereas the resonant frequency shift of mode B is higher than that of the mode A. An increase in the calculated Q factor is also observed with the analyte thickness due to the increase in the capacitance associated with the Fano resonators. The Q factors of mode A and mode B are 59 and 24 for the analyte thickness of 0.24μm.
Next, we investigate the amplitude transmission spectra versus frequency with different refractive indices of the analyte. The simulated results are shown in Fig.3(b) for the analyte thickness t a =0.06 µm and the Fermi level E F =1.5eV, respectively. The resonant frequencies of both mode A and mode B red-shift while the refractive index of the analyte increases from 1.0 to 1.9 in a step of 0.3. The total shifts in resonant frequency of mode A and mode B are 0.598THz and 0.858THz, respectively. In addition, the amplitude transmission slightly decreases with the increasing refractive index because of the mismatching of indices at the interface. The corresponding amplitude modulation of mode A is 8.09% and that of mode B is 6.69%. The range of refractive index represents a set of technologically important materials for terahertz sensing applications. For example, our mid-range of index represents the refractive index of PTFE (n=1.43), a material frequently used as the binder with many explosives such as TNT (n=1.76), RDX (n=1.66), and HMX (n=1.81). The range also covers biological materials such as air-dried Herring DNA (n≈1.65) and Ovalbumin (n≈1.15) 45 .
Since the variations in mode A and mode B of double Fano resonator are different for an identical thickness of analyte over-layer, we investigate the sensitivity of both resonances by changing the refractive index for the same analyte thickness. First, we calculate and plot the frequency shift and amplitude modulation as a function of the refractive index of the analyte for a fixed thickness of 0.06μm as shown in Fig.4(a) . The shifts in the resonant frequency for both modes increase linearly with the refractive index of the analyte. However, the slope of linear shift of mode B is greater than that of the mode A, meaning that the mode B has higher frequency sensitivity. The slope also represents the frequency sensitivity. The estimated frequency sensitivity of mode A and B are 0.65THz/RIU and 0.9518THz/RIU, respectively. The amplitude modulations of fig. 4(a) . Our amplitude modulations of both modes increase linearly with the refractive index. Furthermore, we can also calculate the amplitude sensitivities of both resonances by using the slope of the fitted line of amplitude transmission. The calculated amplitude sensitivities of mode A and mode B are 8.7%/RIU and 7.4714%/RIU, respectively.
We then investigate the effect of different thickness of analyte on the sensitivity of mode A and mode B. As shown in Fig. 4(b) , the frequency sensitivities of both resonances increase while the thickness of the analyte is increased from 0.06μm to 0.24μm. The frequency sensitivity increases for both resonant modes can be represented by quadratic fitting curves, indicating that they may saturate at a thickness larger than 0.24μm. The calculated frequency sensitivities of mode A and B are 1.4439THz/RIU and 1.9082THz/RIU, respectively, for an analyte thickness of 0.24μm. Mode B shows higher frequency sensitivity than that of mode A at any given analyte thickness. Fig. 4(b) also shows the amplitude sensitivity of both resonances due to the change in analyte thickness. The sensitivity of amplitude increases quadratically with the thickness of the analyte. The amplitude sensitivity of mode A is higher than that of mode B, and both of them have the tendency to saturate as the analyte becomes thicker. Fig. 5 represents the evolution of the full width at half maximum (FWHM) and the corresponding FOM for both resonant modes as a function of the refractive indices of analyte with a fixed thickness of 0.24μm. The FWHM of both mode A and B decrease almost linearly from 0.2745THz to 0.2199THz, and from 0.895THz to 0.6861THz, respectively, with the increase of the refractive index of the analyte. Therefore, the FOM values increases almost linearly. The FOM of mode A increases from 5.2601 to 6.5662 while that of mode B increases from 2.1321 to 2.7812. The FOM of mode A is higher than mode B by 57.64%, which indicates that the resonance of mode A has a smaller rate of energy dissipation compared to mode B.
To clarify the sensing mechanism of Fano resonator, we analyze the electric field distribution of both modes A and B with and without the analyte. The simulations are performed under the condition that the thickness and refractive index of the analyte are fixed at 0.06μm and 1.4, respectively, and the Fermi level of the graphene disk is fixed at 1.5eV. The resonant frequencies of mode A and B are 9.046THz and 11.23THz, respectively. A comparison of Fig.6 (a) and (b) shows strong field enhancement between the graphene disk and the gold ring in the presence of analyte at 9.046THz. We also observe changes in electric field distribution at the edge of graphene disk and gold ring due to the strong coupling between them. Fig.6 (c) and (d) displays the electric field distribution at the resonant frequency 11.23THz of mode B without and with
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Please do not adjust margins analyte, respectively. At this frequency the field distribution around the graphene disk shows a phase change of the electric field in the presence of analyte. We believe that the presence of the analyte changes the interference condition, leading to redistribution of electric and magnetic fields. Finally, to analyze the tunable property of the double Fano resonator structure, we simulate the frequency dependent amplitude transmission for various Fermi levels of graphene. The simulated results are shown in Fig. 7(a) for an analyte of thickness t a = 0.06 μm and refractive index n = 1.43. While the Fermi level of graphene was varied from 1.2ev to 1.8ev in step of 0.2ev, both resonant modes showed blue-shifts in their resonant frequencies, with its frequency tuning range for mode A and B starting from 8.149THz and 10.099THz, respectively. The frequency shifts of mode A and mode B are 1.703THz and 2.171THz, respectively, for the Fermi level changes from 1.2ev to 1.8ev. In addition to the change in the resonant frequencies we also observed amplitude modulations. The amplitude modulation of mode A and B are 48.2% and 39.51%, respectively, for the corresponding change of the Fermi level. The modulation of Fano resonances is attributed to the Fermi level induced change in the graphene properties. The independent resonances excited in a graphene disk show blue-shifts and enhancement in the resonant amplitudes with increasing Fermi level. These changes in the graphene resonators ultimately influence the tuning ranges of Fano resonances. To realize the Fano resonances with a lower Fermi energy (e.g., 0.9eV ~ 1.2eV), we have redefined our gold ring with an outer radius R m = 3.9 μm, period 8μm, radius of graphene disk R g = 0.825μm, while keep other parameters unchanged. Fig. 7(b) shows the tuning of resonant frequencies of mode A and mode B as a function of E F , with its tuning range starting from 6.856 THz and 8.578 THz for mode A and B, respectively. Our simulation indicates (not shown here) that the graphene disk exhibits very weak resonance for a Fermi level lower than 0.9eV, therefore, it is difficult to obtain the Fano resonances when Fermi energy is below 0.9eV.
Conclusions
In summary, we have demonstrated a tunable ultrasensitive THz sensor with double Fano resonances, which result from interferences between the SPPs of gold ring and graphene disk. The influence of thickness and refractive index of analyte on the frequency and amplitude sensitivities are studied in detail. Numerical results show that a high frequency sensitivity of 1.908THz/refractive index unit (RIU) for mode B and a figure of merit (FOM) of 6.5662 for mode A can be obtained simultaneously using our proposed structure with double Fano resonances. The introduction of graphene in this sensor makes the sensing range actively tunable. The proposed structure can be realized using current micro/nano fabrication facilities, which may open up a new path for sensing in the THz frequencies. Simulated amplitude transmission spectra of the (a) structure with same parameters as used in fig. 2 with Fermi level changes from 1.2eV to 1.8eV; (b) structure with redefined parameters (Rm = 3.9 μm, P = 8μm, Rg = 0.825μm, and other parameters unchanged), with Fermi level changes from 0.9eV to 1.2eV. 
